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ABSTRACT
Free amino acids (FAAs) in soil are an important N
source for plants, and abundances are predicted to
shift under altered atmospheric conditions such as
elevated CO2. Composition, plant uptake capacity,
and plant and microbial use of FAAs relative
to inorganic N forms were investigated in a tem-
perate semiarid grassland exposed to experimental
warming and free-air CO2 enrichment. FAA uptake
by two dominant grassland plants, Bouteloua gracilis
and Artemesia frigida, was determined in hydro-
ponic culture. B. gracilis and microbial N prefer-
ences were then investigated in experimental field
plots using isotopically labeled FAA and inorganic
N sources. Alanine and phenylalanine concentra-
tions were the highest in the field, and B. gracilis
and A. frigida rapidly consumed these FAAs
in hydroponic experiments. However, B. gracilis
assimilated little isotopically labeled alanine, am-
monium and nitrate in the field. Rather, soil mi-
crobes immobilized the majority of all three N forms.
Elevated CO2 and warming did not affect plant or
microbial uptake. FAAs are not direct sources of N
for B. gracilis, and soil microbes outcompete this
grass for organic and inorganic N when N is at peak
demand within temperate semiarid grasslands.
Key words: amino acids; global change; grass-
lands; nitrogen uptake; 13C; 15N.
INTRODUCTION
Nitrogen (N) availability will determine terrestrial
responses to global change because of its role as a
limiting nutrient for plant growth and productivity
(West 1991). Understanding future changes in
soil N forms and plant use with increases in
atmospheric CO2 concentration and warmer
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temperatures is important for predicting the extent
of plant response to global change. Plants assimilate
soil inorganic N (NH4
+ and NO3
-) and organic N,
such as free amino acids (FAAs). The latter can be
in comparatively high concentrations in soil solu-
tion, even relative to peptides, and likely constitute
the majority of dissolved organic N (Warren 2013).
Plants compete with microbes for N (Jackson and
others 1989; Schimel and Chapin 1996; Lipson and
Monson 1998), and plant N uptake is often fa-
cilitated by mycorrhizae (Lipson and others 1999;
Hodge and others 2000; Andresen and others
2008). However, plant N uptake can also occur
independent of mycorrhizae using mechanisms
such as root epidermal N transporters (Williams
and Miller 2001; Lee and others 2007). Although
plants can directly take up soil FAAs, we know
relatively little about the role of FAAs compared to
inorganic N as a plant N source within most ter-
restrial ecosystems.
Several experiments have investigated global
change effects on FAAs and their uptake by plants
and observed variable effects of elevated CO2 and
warming (Hofmockel and others 2007; Andresen
and others 2009; Jin and Evans 2010). However,
further investigation in a variety of ecosystems is
necessary to clarify the role of FAAs as a plant N
source as well as determine the effects of elevated
CO2 and warming. The progressive N limitation
hypothesis (Luo and others 2004) proposes that
elevated atmospheric CO2 will increase N seques-
tration in biomass over time and increasingly limit
productivity response to increasing CO2. Although
observations from forests do not support this hy-
pothesis (Zak and others 2003), evidence of pro-
gressive N limitation with elevated CO2 has been
found in other ecosystem types (Luo and others
2006) including a grassland (Newton and others
2010), and should therefore be explored further. As
N becomes more limiting under elevated CO2,
plants may increasingly compete with soil microbes
for FAAs as a source of N and bypass N mineral-
ization as a rate-limiting step of plant N availability
(Schimel and Bennett 2004). Studies in cold tem-
perate forests have demonstrated that hardwood
and conifer trees increase FAA uptake as N limita-
tion increases and FAA pools become comparable
to inorganic N (Finzi and Berthrong 2005; Gallet-
Budynek and others 2009). However, climate
warming that will accompany increases in atmo-
spheric CO2 may stimulate N mineralization and N
availability (Pendall and others 2004; Dijkstra and
others 2010), potentially reducing plant depen-
dence on FAAs as a N source (Schimel and Bennett
2004).
Assessing N use in grasslands is especially im-
portant because this biome accounts for 9% of
global terrestrial net primary production (Saugier
and others 2001). Plant biomass production in
temperate ecosystems, such as temperate grass-
lands, is often limited by N and water (Vitousek and
Howarth 1991; King and others 2004), and N
limitation likely will be exacerbated under elevated
atmospheric CO2 (Luo and others 2004). Although
N limitation in grasslands may not be as severe as
that in Arctic tundra and alpine ecosystems with
slow turnover of soil organic matter (Chapin and
others 1993), N mineralization rates in temperate
grassland soils are low (Kaye and others 2002),
thus potentially making organic N, such as FAAs,
an important N source. FAAs are abundant in a
number of grassland ecosystems (Amelung and
others 2006), and roots of a number of grassland
plant species are capable of taking up FAAs (Har-
rison and others 2007, 2008). Yet no study has
investigated FAA composition, the capacity of na-
tive plants to take up FAAs and plant preference for
FAAs to inorganic N all within a single grassland
ecosystem.
The composition of FAAs varies across spatial and
temporal scales (Raab and others 1999; Werdin-
Pfisterer and others 2009). This variation is pre-
sumably driven by the influence of soil moisture
content, pH, and temperature on rates of FAA
production and consumption (Falkengren-Grerup
and others 2000; Brzostek and others 2012). FAAs
are primarily released into the soil by depolymer-
ization of organic matter and consumed by plants
and microbes to meet N and C demands (Schimel
and Bennett 2004). Pulses of microbial and soil-
protected amino acids are also released into the soil
after freeze–thaw events and associated breakdown
of microbial cells and soil aggregates (Lipson and
Monson 1998; Larsen and others 2002).
Uptake capacity experiments can identify the
potential for different plant species to take up
FAAs. To clearly determine if plant roots can take
up FAAs, it is necessary to eliminate external en-
vironmental factors that can inhibit root uptake,
such as microbial and interplant competition.
Hydroponic culture experiments with controlled
environments are one way to achieve such condi-
tions. Experiments in hydroponic culture demon-
strate that plant uptake capacity of FAAs varies
with the available forms of amino acid, regulation
of N transport proteins, root-to-shoot ratios, and
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plant species (Chapin and others 1993; Raab and
others 1996; Falkengren-Grerup and others 2000;
Lee and others 2007). Although characterizing FAA
composition and plant uptake capacity can deter-
mine the potential role of FAAs as an N source,
field studies on plant uptake are ultimately re-
quired to determine the importance of FAAs as a
direct N source.
To our knowledge, no study has investigated the
effect of elevated atmospheric CO2 and warming on
FAA composition together with plant N preference.
We investigated the effects of elevated CO2 and
warming on FAAs and plant N use in a temperate
semiarid grassland by measuring FAA pools, plant
uptake capacity, and preferential N uptake in both
hydroponic culture and field studies. We predicted
plants would increase consumption of FAAs and
compete with soil microbes for the organic N source
relative to inorganic N under elevated CO2 because
of increased N limitation. Further, combined
elevated atmospheric CO2 and warming should
lead to plant N use similar to that in ambient
conditions because of the stimulation of N miner-
alization by warming.
MATERIALS AND METHODS
Study Site
We assessed FAA composition and uptake at the
prairie heating and CO2 enrichment (PHACE) ex-
periment located at the US Department of Agri-
culture, Agricultural Research Service (USDA-
ARS), High Plains Grasslands Research Station in
southeastern Wyoming, USA (4111¢N, 10454¢W).
The ecosystem is a northern mixed-grass prairie
dominated by a C4 grass, Bouteloua gracilis (H.B.K.)
Lag., and two C3 grasses, Hesperostipa comata Trin
and Rupr. and Pascopyrum smithii (Rydb.). These
three grasses together comprise over 50% of the
total aboveground biomass. Additional plant spe-
cies include the sub-shrub Artemisia frigida Willd.,
together with forbs and other grasses. N-fixing
legumes are a very minor component in the
experimental plots, and plant productivity is still
limited by N (Blumenthal 2009). The growing
season extends from April through August, with
over 70% of annual (384 mm mean) precipitation
occurring during the growing season (1973–2005
HPGRS data). Mean air temperatures are -2.5C in
winter and 17.5C in summer. Soils consist of a
fine-loamy, mixed mesic Aridic Argiustoll with a
pH of 7.0. Soil inorganic N pool sizes during the
growing season range from 0.19 to 0.47 g m-2
from 5 to 15 cm (Dijkstra and others 2010).
PHACE Experimental Design
Twenty 3.4-m-diameter plots were established for
manipulation of CO2 and temperature using free-
air CO2 enrichment (FACE) technology (Miglietta
and others 2001) and infrared heaters (Kimball and
others 2008). Tubing around the periphery of
FACE plots emitted CO2 to maintain atmospheric
CO2 concentrations of 600 ± 40 ppm during the
growing season (initiated April 2006). Ceramic
heaters 1.5 m above each plot (1000 W; Mor
Electric Heating Assoc., Inc, Comstock Park,
Michigan, USA) warmed treated plots by 1.5C
above ambient temperature during the day and 3C
during the night year round (initiated April 2007).
Elevated CO2 and warming treatments were im-
plemented in a fully factorial design of ambient
CO2 and temperature (ct), elevated CO2 and am-
bient temperature (Ct), ambient CO2 and elevated
temperature (cT), or elevated CO2 and elevated
temperature (CT), with five replicate plots per
treatment.
Volumetric soil moisture content was measured
within experimental plots at 10, 20, 40, 60, and
80 cm depths using soil moisture probes (Envi-
roSMART probe; Sentek Sensor Technologies,
Stepney, Australia), but only data from 10 cm are
reported. Air and soil temperatures 10 cm above
soil and 3 and 10 cm below the soil surface were
measured using fine-wire thermocouples. Tem-
perature and moisture were measured at hourly
time intervals. Temperature and moisture mea-
surements were averaged to obtain daily and
monthly mean values.
Determination of FAAs in PHACE Plots
To identify soil FAAs, two 1.5-cm-diameter cores
were collected from each PHACE experimental plot
in April 2008. Soils from 0–5 to 5–15 cm were
placed on ice and returned to a laboratory for
processing within 24 h. Soils were homogenized,
and subsamples were processed and mixed by
shaking in either deionized water or 0.05 M K2SO4
solutions (1:5 soil to solution ratio), two commonly
used FAA and N extraction solutions, for 60 min.
The two different extraction methods were per-
formed to address bias of extractant type (Insels-
bacher 2014). Soil slurries were then filtered prior
to storage and analysis by ultra performance liquid
chromatography (UPLC). Further details on sample
preparation and analysis using UPLC can be found
in Chen and Williams (2013). Abundance of FAAs
in soil extracts was calculated as the molar content
of individual FAAs per gram of soil.
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Plant FAA Uptake Capacity Experiment
Bouteloua gracilis and A. frigida seeds were collected
at maturation in the late summer and fall of 2007
near the PHACE experimental site and grown in
hydroponic culture to test plant FAA uptake
capacity and effects of elevated CO2. Seeds were
grown in hydroponic culture in December of 2009
as described by Lee and others (2007). Initial
experiments determined that B. gracilis and A.
frigida maintain healthy growth in hydroponic
culture with a minimal 3 mM NH4NO3 N source
(Chen 2006). Hydroponic culture containers were
placed in growth chambers (Environmental
Growth Chamber, Chagrin Falls, OH), and plants
were grown with 14 h photoperiods. Day periods
consisted of 200 lmol m-2 s-1 PPFD at plant ca-
nopy height, 20C, and 57% humidity. Higher
PPFD caused damage to plants in hydroponic cul-
ture, and optimal growth was observed at PPFDs
lower than 200 lmol m-2 s-1. Night periods con-
sisted of no light and 16C and 74% humidity.
Hydroponic culture containers were equally divid-
ed between two chambers that were given pure
CO2 to elevate atmospheric CO2 to 600 ppm and
two chambers that were kept at present-day am-
bient CO2 conditions. Hydroponic solution was
refilled every 2 days to maintain full root immer-
sion, and solutions were refreshed weekly.
After 36 days of growth, seedlings were prepared
for evaluation of inorganic N and FAA uptake ca-
pacity and effects of elevated CO2. Eight A. frigida
and eight B. gracilis seedlings (N = 8 per growth
chamber treatment) were used to investigate up-
take of alanine. Four seedlings of each plant species
from both ambient and elevated CO2 growth
chambers were also used to investigate uptake of
phenylalanine and another four were used for ni-
trate uptake studies (N = 4 per growth chamber
treatment). Seedlings were removed from hydro-
ponic culture boxes, and roots were gently hand
rinsed in fresh N-free hydroponic solution to re-
move any residual N and microorganisms at the
root surface. Cleaned roots of each seedling were
then placed in separate 15 ml conical centrifuge
tubes wrapped in aluminum foil (to prevent root
light exposure) with 13 ml of freshly prepared
hydroponic solution containing 3 mM alanine,
phenylalanine, or nitrate as a sole N source
(equimolar amounts of N). Although N source
concentrations of 3 mM were much higher than
other feeding studies (Chapin and others 1993;
Raab and others 1996, 1999; Falkengren-Grerup
and others 2000), we decided to maintain similar
amounts of N supplied during the growing period
to prevent N starvation responses. Shoot tissue re-
mained above the top of the centrifuge tube with
exposure to light in growth chambers. At 0, 30, 60,
and 180 min after N feeding, 200 ll of solution was
harvested from each plant tube, frozen, and pre-
pared for analysis by UPLC (Chen and Williams
2013). After the 180 min feeding period, plant tis-
sue was dried and weighed to determine plant
biomass.
After 122 days of growth, an additional set of
hydroponic culture seedlings (N = 2 per growth
chamber treatment) was used in an L-[2-14C]ala-
nine uptake experiment to determine allocation of
alanine C within plant tissue. Plants were trans-
ferred to a fume hood with a 42 W compact
fluorescent light bulb 16 cm above shoots 4 h prior
to 14C labeling. Roots were then rinsed in N-free
hydroponic solution and placed in 50 ml conical
centrifuge tubes wrapped in aluminum foil with
48 ml of hydroponic solution containing 3 mM
alanine and 0.1 lCi of L-[2-14C]alanine (‡98%
radiochemical purity) as a sole N source. Plant roots
were rinsed in 0.5 mM CaCl2 solution after
180 min of feeding, blotted dry with Kimwipes,
press dried, and then exposed on X-ray film in
a -80C freezer for 8 months prior to developing
radiographs of plant alanine-14C distribution.
FAA Preference and PHACE Field
Experiment
We investigated B. gracilis ability to consume FAAs
and inorganic N in the field over a 2-day period in
June of 2010 during peak growth. Four individual
B. gracilis plants within each PHACE plot were
isolated by 20 cm long, 5-cm-diameter PVC pipes
inserted 15 cm into the soil. Shortly after isolation
by midday, 1.88 9 10-5 mol N (concentrations of
N label required to detect 15N presence in plant
tissue (Andresen and others 2008, 2009)) of ala-
nine, KNO3, and NH4Cl each were injected with
20 ml of deionized water approximately 1 cm be-
low soil surface within all collars. The solution was
injected at four equidistant points (5 ml per point)
within the soil collar. The ‘‘control’’ collar received
KNO3, NH4Cl, and alanine that were not isotopi-
cally labeled. In another collar, 15NH4Cl (
15N, 98%)
and non-labeled alanine and KNO3 were intro-
duced into the soil. In the third collar, K15NO3 (
15N,
99%) and non-labeled alanine and NH4Cl were
introduced into the soil, and in the fourth collar,
dual-labeled L-alanine-213C-15N (13C, 99%; 15N,
98%) and non-labeled NH4Cl and KNO3 were
provided.
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Collars were removed from soil after a 180 min
feeding to retrieve the intact B. gracilis and soil.
Soils within collars were visibly moist throughout
the entire core. Soils, including aggregates removed
from plant roots, were immediately placed on ice
for transport to a laboratory for storage at 4C. B.
gracilis plant roots were rinsed in 0.05 M CaCl2
prior to freezing of whole plant tissue in liquid ni-
trogen, storage on dry ice and transport back to the
laboratory for storage at -20C. Within 48 h, soils
were sieved to remove rocks and coarse debris. C
and N from soil subsamples for each collar were
extracted with 0.05 M K2SO4 on a shaker for 1 h,
and another soil subsample was vacuum-incubated
with chloroform for 24 h to release microbial C and
N (Brookes and others 1985) before extraction with
K2SO4 as described above. Extracts were stored at
-20C prior to chemical and stable isotope analysis.
Chemical and stable isotope analyses were per-
formed on extracts dried at 65C overnight. Soil
subsamples were weighed and placed in 60C for
over 48 h and reweighed to determine soil mois-
ture content within collars after the experimental
feeding.
Plant material was freeze-dried, and root, crown
(junction between root and shoots), and shoot tis-
sues were weighed and ground separately. Seven
milliliters of K2SO4 extracts were dried at 60C to
crystal form, weighed, and then ground into a
powder. Ground samples were analyzed for C and
N content and fractional abundances (F) of 13C and
15N (13F = 13C/[12C + 13C] and 15F = 15N/[14N +
15N]) using a Costech 4010 Elemental Analyzer
coupled to a Thermo Delta Plus XP IRMS at the
University of Wyoming Stable Isotope Facility. The
standard deviation of repeated analysis on labora-
tory standards (15N enriched d15N standard and
d13C natural abundance standard) was 2 and 0.3&,
for d15N and d13C, respectively.
Recovery in moles of the 13C and 15N label from
component plant tissue (shoot, crown, or root) and
soil and microbial biomass was calculated as
AXr ¼ ðAFl  ½X  mÞ  ðAFn  ½X  mÞ; ð1Þ
where AXr is the molar recovery of the label (
13C or
15N) in the component; AFl and
AFn are
13F and 15F
of the component in labeled and non-labeled col-
lars, respectively; [X] is the moles of C or N per
gram in the component; and m is the mass in grams
of the sample component. The moles of N and C per
gram of shoot, crown, and root tissues used in the
calculation were an average of that from the 5
replicate plots in each PHACE treatment (Table 1).
Using an average of C and N per gram of plant
tissue from the 5 replicates was necessary to reduce
variation observed between experimental plots.
Plant label recovery in shoot, crown, and root
tissues was calculated as
AXr;plant ¼ AXr;shoot þ AXr;crown þ AXr;root; ð2Þ
where AXr,shoot,
AXr,crown, and
AXr,root are the molar
13C or 15N recovery by shoot, crown, and root tis-
sues, respectively.
The total amount of C orN inmoles present in soils
from experimental collars (untreated with chloro-
form) was averaged across the 5 replicate plots
within each PHACE treatment for determination of
label recovery due to high variability (Table 2).
Microbial C and N (mol per gram soil) in
experimental collars were calculated according to
Brookes and others (1985) as
X½ mic¼ X½ soil;F X½ soil;UF
 
=k; ð3Þ
where [X]soil,F is the mol of C or N per gram of
chloroform treated soil; [X]soil,UF is the moles of C
or N per gram of soil untreated with chloroform;
and k is the extractable portion of microbial bio-
mass (0.45 or 0.54 for C and N, respectively;
Brookes and others 1985; Beck and others 1997).
The microbial C and N were averaged across the 5
replicate plots within each PHACE treatment for
determination of label recovery due to high vari-
ability (Table 2).
We analyzed plant, soil, and microbial 13C and
15N enrichments as well as C and N contents using
a two-factor factorial split plot in space analysis of
variance set in a completely randomized design
(SAS Institute, version 9.3). Factors of interest were
the PHACE treatments (whole plot), N preference
(nested within PHACE treatments) (split plot), plus
their interaction. When the null hypothesis for the
main effect of either factor was rejected, the alter-
nate was accepted, and when the interaction term
was not significant (alpha = 0.05), post hoc ana-
lyses were conducted using Fisher’s protected LSD
on the main effect averages. No interactive effects
of PHACE treatment and N preference were de-
tected, so post hoc tests on interaction averages
were not required. The main effect of PHACE
treatment was tested against its error term, which
was the pooled residuals of plots within level of
PHACE treatment. The main effect of N preference
plus the interaction term was also tested against the
error mean square. Residuals were tested for nor-
mality using the Shapiro–Wilk statistic as well as
assessing stem and leaf plots and normal probability
plots. Homoscedasticity of variances was tested
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using Hartley’s procedure and, when the variances
were found to be heteroscedastic, the analyses were
weighted by 1=s2ij
 0:5
; where s2ij were the variances
of the ith PHACE treatment x jth N preference
combination.
RESULTS
FAAs in PHACE plots
Mean air temperature at the PHACE site during
April 2008 when we evaluated FAA composition
was 4.2C. Mean soil temperatures at 3 and 10 cm
were highest, and soil volumetric water content to
10 cm was lowest in warmed plots. Soil volumetric
water content was highest in elevated CO2 plots
(P < 0.05; Table 3).
Regardless of whether FAAs were extracted with
deionized water or K2SO4 solution, phenylalanine
and alanine were present in 0–5 cm soil extracts at
higher abundance than other FAAs and comprised
over 50% of the total amino-N (Figure 1A, C).
Although alanine and phenylalanine remained the
dominant forms of FAAs in 5–15 cm soil extracts
collected with deionized water, this pattern did not
hold for 5–15 cm soil extracts collected with K2SO4
(Figure 1D). Elevated CO2 and warming did not
significantly affect FAA abundance or composition
at either soil sampling depth.
Plant FAA Uptake Capacity
Biomass of 36-day-old B. gracilis and A. frigida
plants used for FAA uptake experiments in hydro-
ponic culture averaged 0.14 ± 0.02 and 0.13 ±
0.02 g (±: standard error), respectively. Root:shoot
ratios of B. gracilis and A. frigida plants were 0.26 ±
0.04 and 0.19 ± 0.02, and root biomass was
0.029 ± 0.004 and 0.019 ± 0.003 g, respectively.
Within the first 30 min of alanine feeding, over
99% of all FAA was removed from the hydroponic
culture solution by both plant species in both
elevated CO2 and ambient growth chambers re-
gardless of plant size and root:shoot ratios. No ad-
ditional amino acids that might be present due to
amino acid turnover or microbial contamination
were detected at 30 min. As CO2 treatments did not
differ, all samples were combined for statistical
analysis. Alanine uptake per gram root dry mass
Table 2. Extracted Soil and Microbial C:N Ratios, Soil Soluble and Microbial C, and Soil Soluble and Mi-
crobial N from Field Amino Acid Uptake Studies
Soil C/N Microbial C/N Soluble C
(lmol/g soil)
Microbial C
(lmol/g soil)
Soluble N
(lmol/g soil)
Microbial N
(lmol/g soil)
ct 5.83 ± 0.8ab 9.62 ± 0.3a 4.55 ± 1.2a 90.47 ± 5.4a 0.87 ± 0.4a 9.46 ± 0.6a
Ct 3.92 ± 1.2a 8.81 ± 0.3a 3.63 ± 0.3a 102.51 ± 8.9a 1.19 ± 0.5a 11.62 ± 0.8a
cT 4.71 ± 0.6ab 9.71 ± 0.2a 4.10 ± 0.6a 112.32 ± 14.1a 1.03 ± 0.5a 11.63 ± 1.6a
CT 7.31 ± 1.8b 9.17 ± 0.5a 4.46 ± 0.6a 105.98 ± 12.9a 0.65 ± 0.3a 11.50 ± 1.1a
Each value represents the mean of 5 treatment replicates and standard error. Significant differences in values due to PHACE treatment effects are shown for P < 0.05. No
weighted analyses were required.
ct ambient conditions, Ct elevated atmospheric CO2, cT warming, CT elevated atmospheric CO2 and warming.
Table 3. Mean Daily Soil Temperature at 3 and 10 cm Depths as well as Volumetric Water Content to 10 cm
for Soils in April 2008 and June 2010
ct Ct cT CT
April 2008
Temperature at 3 cm (C) 7.0 ± 0.1a 6.9 ± 0.1a 9.2 ± 0.1b 9.0 ± 0.1b
Temperature at 10 cm (C) 6.6 ± 0.1a 6.3 ± 0.1b 8.1 ± 0.1c 8.2 ± 0.1c
Water content to 10 cm (%) 15.7 ± 0.2ab 16.8 ± 0.2a 13.5 ± 0.1b 16.2 ± 0.2a
June 2010
Temperature at 3 cm (C) 19.1 ± 0.1a 18.8 ± 0.1a 21.7 ± 0.1b 21.2 ± 0.1b
Temperature at 10 cm (C)* 18.1 ± 0.1a 18.1 ± 0.1a 19.9 ± 0.1b 19.6 ± 0.1b
Water content to 10 cm (%) 15.5 ± 0.3ad 18.8 ± 0.2b 12.9 ± 0.3c 16.3 ± 0.3d
Each value represents the mean of 5 treatment replicates and standard error. Significant differences in values due to PHACE treatment effects are shown for P < 0.05. No
weighted analyses were required.
ct ambient conditions, Ct elevated atmospheric CO2, cT warming, CT elevated atmospheric CO2 and warming.
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after 30 min feeding averaged 2329 and 2323 lmol
for B. gracilis and A. frigida, respectively. Similar
results were observed for plants fed with pheny-
lalanine (Table 4). Conversely, plants that were
transferred to nitrate took up little to none of this
inorganic N form (Table 4). The majority of 14C-
labeled alanine fed to B. gracilis and A. frigida plants
remained in root and crown tissues after 3 h of
feeding, although radiolabel was visible in shoot
tissue as well (Figure 2).
FAA Preference and PHACE Field
Experiment
Mean daily air temperature was 16.3C in June
2010 during the labeling study. Mean soil tem-
peratures at 3 and 10 cm were significantly higher
in warmed treatment compared to ambient treat-
ment plots. Soil volumetric water content to 10 cm
was affected by elevated CO2 and warming
(P < 0.05; Table 3) and was highest in elevated
CO2 plots. The average soil moisture content in
experimental collars after the feeding ranged from
23.0 to 24.7% among PHACE treatments. After the
3 h feeding, the majority of 15N from each labeled
N source and 13C from labeled alanine was detected
in microbial biomass (Figure 3). Up to 70% of 15N
was recovered in microbial biomass, but N form,
CO2, and warming did not significantly affect
recovery (P > 0.05). Less than 5% of 15N was
recovered in whole B. gracilis plant tissue and 4–
20% of 15N was recovered in soil. 15N in plant tis-
sues significantly increased (P = 0.048) in elevated
CO2 and warming treatments compared to ambient
Figure 1. Abundance of FAAs per gram of soil (lmol g-1) in the experimental site in April 2008 from extracts collected
from 0–5 (A) to 5–15 cm (B) by deionized water as well as extracts collected from 0–5 (C) to 5–15 cm by 0.05 M K2SO4
(D). Both solutions are commonly used to extract soil N compounds. Soil extracts collected in plots with ambient
conditions, elevated atmospheric CO2, warming and elevated atmospheric CO2, and warming were labeled as ct, Ct, cT,
and CT, respectively. Each bar represents an average of 5 treatment replicates. Error bars indicate SE.
Table 4. Alanine, Phenylalanine, or Nitrate Uptake after 30 min by Hydroponic Cultured Plants Expressed
on a Root Dry Mass Basis
Species Alanine (lmol g-1) Phenylalanine (lmol g-1) NO3 (lmol g
-1)
B. gracilis 2329 ± 529 2011 ± 952 18 ± 93
A. frigida 2324 ± 566 3164 ± 675 444 ± 723
Values represent means of 4 replicates and standard error.
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and elevated CO2 plus warming treatments
regardless of the labeled 15N form. Recovery of 15N
in soil was significantly lower (P = 0.025) in the
elevated CO2 plus warming treatment compared to
those in ambient or warmed treatments, regardless
of the labeled 15N form. Forty-four to fifty-two
percent of alanine-13C was recovered in microbial
biomass, 0–1% was recovered in plant biomass,
and none was recovered in soils (Figure 3).
Elevated CO2 and warming did not significantly
affect 13C recovery (P > 0.05). The 13C/15N ratio of
microbial biomass that was fed with labeled alanine
did not match that of the alanine source 13C/15N
ratio of 1, but the average ratio of 0.83 suggests
most of the amino acid was acquired through direct
uptake. PHACE treatments had variable effects on
B. gracilis shoot, crown, and root C and N status
(Table 1). PHACE treatments also had variable
effects on soil C/N status after the N feeding period
but did not affect soluble K2SO4 extracted soil C
and N and microbial C and N status nor indicate an
increase of microbial N limitation with elevated
CO2 or decrease with warming (Table 2).
DISCUSSION
Contrary to our prediction that grassland plants
would increase uptake of FAAs under elevated CO2,
direct uptake of fed alanine was not observed in the
dominant C4 grass B. gracilis in our field experiment
across any of the global change treatments. This was
evident from the absence of any 13C recovery in
plant tissues after exposure to 13C labeled alanine.
The lack of plant FAA uptake in the field contrasts
with observations from our hydroponic culture
experiment that showed a capacity for rapid uptake
of FAAs by B. gracilis and the common sub-shrub A.
frigida. Furthermore, inorganic N uptake was mini-
mal in B. gracilis after a 3 h feeding in the field. Soil
microorganisms acquired the majority of N from
alanine, ammonium, and nitrate and C from the
alanine introducedwithin the short-term feeding. In
addition, FAA concentrations were unaffected by
elevated atmospheric CO2 and warming. Although
roots of prairie plants from our field site are capable
of taking up FAA forms present in soil, FAAs appear
to be an unimportant direct N source for these plants
in the field.
FAAs in PHACE Soils
Among FAAs detected within our semiarid grass-
land, alanine and phenylalanine were present in
the highest concentrations, and FAA abundance
was not affected by elevated atmospheric CO2 or
warming. However, in a concurrent study at the
PHACE site, dissolved organic N pools were affected
by elevated CO2 and warming, particularly in wet
years such as 2009 which accumulated 453 mm of
precipitation (Carrillo and others 2012). Thus, we
may have observed treatment effects had we sam-
pled FAAs in a wet year rather than our sampled
Figure 2. Allocation of
L-[2-14C]alanine in B.
gracilis and A. frigida
plants. Dried, pressed B.
gracilis and A. frigida
plants (A, B, respectively)
and their autoradiographs
(C, D). Roots were fed
alanine-14C for 3 h and
then washed with 0.5 M
CaCl2, dried pressed and
exposed to X-ray films.
Films were developed
after 8 months of
exposure.
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year that only accumulated 327 mm of precipita-
tion. The dominance of alanine and phenylalanine
within our soil extracts also contrasts with other
grassland studies where glycine, glutamate, aspar-
tate, and serine were detected at highest concen-
trations and were, along with other FAAs, shown
to be affected by temperature (Amelung and others
2006). Differences between these studies may have
resulted from differences in how FAAs were ex-
tracted (Chen and Williams 2013), time of sam-
pling (Raab and others 1999; Werdin-Pfisterer and
others 2009), or may simply be characteristic of our
system. Regardless of the method and timing of soil
sampling, FAAs collected in our experiment should
be considered a potential plant N source within our
semiarid grassland.
Plant FAA Uptake Capacity
Root uptake of alanine and phenylalanine by B.
gracilis andA. frigidawas rapid inhydroponic culture.
We assume that depletion of FAAs from hydroponic
solution was due solely to plant uptake because
there was no evidence of microbial contamination
(Chen and Williams 2013). Our radiographs of
plants fed with L-[2-14C]alanine also demonstrate
that alanine-carbon was present in root and shoot
tissues after 3 h, further demonstrating plant FAA
assimilation. Uptake of alanine and phenylalanine
by grasses is well documented and can vary between
species (Falkengren-Grerup and others 2000; Wei-
gelt and others 2005; Harrison and others 2007,
2008). Yet, alanine and phenylalanine uptake rates
did not differ between B. gracilis and A. frigida in our
study.Wehypothesize that FAAuptake capacitywas
maximized due to the lack of microbial competitors
for N and optimal growth conditions under hydro-
ponic culture. Uptake of alanine and phenylalanine
in hydroponic culture confirmed that B. gracilis and
A. frigida have the potential to acquire these forms of
FAAs in the absence of microbial competition. In
contrast,B. gracilis andA. frigidauptake ofnitratewas
low. Initial seedling growth in our NH4NO3 hydro-
ponic solution may have acclimated plant inorganic
N transporters and resulted in a steady, slow rate of
nitrate uptake. Thus, transporters involved in root
uptake of FAAs likely experienced rapid up-regula-
tion of expression and activity after induction on
FAAs thatwere never present beforewhereas nitrate
transporters did not (Hole and others 1990; Chen
2006).
FAA Preference and PHACE Field
Experiment
Rapid microbial sequestration and negligible plant
uptake of 15N and 13C tracers indicate strong mi-
crobial competition for soil N relative to plants in
our semiarid grassland site. Strong microbial com-
petition for inorganic and organic N was also
observed in temperate grassland and heath
ecosystems (Jackson and others 1989; Bardgett and
others 2003; Andresen and others 2009). Negligible
plant N uptake was likely the result of higher
proliferation of microbial biomass and access to N
in soils (Bardgett and others 2003). We hypothesize
that fungi are responsible for the majority of short-
term N immobilization due to the larger proportion
of fungi to bacteria in grasslands and fungal ca-
pacity to sequester N (Bardgett and others 1993;
Grayston and others 2001). Low plant uptake of N
sources was unlikely due to soil moisture and dif-
fusion limitation (Gebauer and Ehlringer 2000)
because cores were given additional water at the
time of N feeding and had high soil moisture con-
tent at the end of the experiment. Because no
alanine 13C label was found in soils after the feed-
ing period, we conclude that longer feeding periods
would not result in direct plant uptake of the FAA.
The concept that soil microorganisms are likely
strong short-term competitors for soil N and that
plants are long-term competitors (Hodge and others
2000; Bardgett and others 2003) is supported by our
observation of high 15N recovery in microbial bio-
mass and low recovery in plant biomass after a 3 h
feeding. These results contrast with observations
from other studies conducted in grasslands (Har-
rison and others 2007, 2008). The duration of N
feeding among studies may explain these differ-
ences, as N feedings in published studies range from
3 h to 33 days, with the majority of feeding periods
lasting 24–50 h (Schimel and Chapin 1996; Nä-
sholm and others 2001; Bardgett and others 2003;
Harrison and others 2007; Hofmockel and others
2007; Andresen and others 2008, 2009). Among
these studies, those that tested multiple duration
feeding periods suggest that longer feeding times
detect greater plant N uptake (Schimel and Chapin
1996; Bardgett and others 2003; Harrison and
Figure 3. Percent 15N and 13C recovery detected in plant
(A, E), microbial (B, F), and soil samples (C, G) as well as
total 15N and 13C recovery (D, H) after 3 h feeding of
15N-labeled ammonium, 15N-labeled nitrate, or 15N/13C-
labeled alanine. A, E–H contain zoom in expansions for
better bar resolution at low 15N and 13C recovery. Sam-
ples collected from plots with ambient conditions,
elevated atmospheric CO2, warming and elevated atmo-
spheric CO2, and warming were labeled as ct, Ct, cT and
CT, respectively. Each bar represents an average of 5
treatment replicates. Error bars indicate SE.
b
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others 2007). Apparent uptake of FAAs after ex-
tended feeding periods may be due to uptake of
mineralized N and C (Sauheitl and others 2009) and
rapid turnover of FAAs (Jones 1999) rather than
direct uptake of FAA N. After 24–50 h of N feeding,
N is likely acquired by plants through N release by
mycorrhizae as well as by soil N mineralization and
microbial turnover (Jones and Kielland 2002;
Schimel and Bennett 2004; Govindarajulu and
others 2005). High microbial 15N and 13C recovery
may also be due to the lag time between the feeding
experiment and soil processing, but we do not sus-
pect this is the case. Soils were quickly harvested
after the feeding experiment and placed on ice and
then refrigerated until soil processing and low
temperatures should have inhibited additional mi-
crobial N uptake (Reay and others 1999; Nedwell
2006). Additional studies have also demonstrated
rapid microbial sequestration of N sources within
3 h and support our results (Hofmockel and others
2007). Unrecovered 15N and 13C from alanine,
ammonium, and nitrate labels were likely attribut-
ed to loss from respiration and volatilization to the
atmosphere (Koops and others 1997; Jin and Evans
2010). Additionally, 15N and 13C labels may have
been consumed by excised roots of other plants
present in soil collars and lost due to exclusive col-
lection of intact B. gracilis plant material and soil
(Falkengren-Grerup and others 2000).
Elevated CO2 and warming increased plant
15N
uptake, but plants did not shift N preference. Addi-
tionally, elevated CO2 combined with warming did
not increase plant N uptake compared to ambient
conditions. It is possible that 2 years of atmospheric
CO2 enrichment may have been too short to exac-
erbate N limitation and increase plant demand for
FAAs. This is supported by the lack of PHACE treat-
ment effects onwhole plant C/N ratios ofB. gracilis. If
N becomes more limiting under elevated CO2 over
the period of decades or longer, plants may increas-
ingly compete with microbes for FAAs.
Although alanine and phenylalanine are present
in grassland, soils and plants can acquire these
FAAs, plants took up little to no FAAs or inorganic
N over the short-term in our study due to rapid and
strong microbial competition. A combination of
hydroponic culture and short-term field labeling
studies was necessary to reach this conclusion. N
demands are likely met in this grassland through
low rates of N uptake and long-term storage of
released microbial N. Additionally, plants probably
do not acquire FAAs directly and likely require
mycorrhizal transfer and microbial release of N
prior to plant use.
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